Spokane River dischargers face restrictive phosphorus discharge limits that are technically challenging. A tertiary phosphorus removal pilot at the wastewater treatment plant was conducted between June and October 2006. Technologies from four different manufacturers were tested on their ability to reliably produce effluent total phosphorus (TP) concentrations of less than 50 µg/L and less then 10 µg/L. The demonstration pilot showed that effluent total phosphorus concentration of less than 50 µg/L can be produced by at least two of the tested technologies, Blue Water Technologies Blue Pro (DSBP) and Siemens Trident ® HS-1 (THS-1). While not fully demonstrated, GE (Zenon) ultrafiltration (ZW-500) and Parkson Incorporation Dual Sand (DSD2) would also likely be able to meet 50 µg/L. None of them showed ability to meet a 10 µg/L TP limit. While there were a number of days with 10 µg/L or less, they were few and far between.
INTRODUCTION
To protect the water quality in downstream Long Lake reservoir, the Washington Department of Ecology has prepared a total maximum daily load (TMDL) for dissolved oxygen. The TMDL creates a significant change in potential effluent limits for Spokane River discharges with in-stream targets for total phosphorus of 10 µg/L. Since Region 10 is the NPDES permitting authority for Idaho discharges, EPA has prepared a preliminary draft discharge permit for Coeur d'Alene with a 50 µg/L total phosphorus limit.
The City of Coeur D'Alene conducted a tertiary phosphorus removal pilot test between May and October 2006. The overall pilot objectives were twofold; (1) demonstrate the ability of the tested technology to meet 10 µg/L and 50 µg/L effluent total phosphorus on a monthly average basis, and (2) gather all necessary design information for a full scale installation. More specifically:
• Compare the different technologies side-by-side.
• Demonstrate local phosphorus removal performance.
• Determine limits of each technology for the conditions at Coeur d'Alene.
• Determine the ability to absorb diurnal load fluctuations and peak load events. Figure 1 identifies the technologies that were included in the pilot test program. Due to scheduling conflicts, the Parkson DynaSand D2 pilot unit conducted the pilot program individually later in the summer. All vendors were asked to select the operation parameters (i.e., loadings, flux, etc.) they believed were best suited for meeting pilot objectives. All pilot units received secondary effluent from the Coeur d'Alene WWTP. It was not required to readjust the pH prior to discharge, which was sent to plant drain.
METHODOLOGY
The main wastewater treatment process at Coeur d'Alene consists of primary clarification, followed by trickling filters and post aeration prior to secondary clarification. Primary and waste activated solids are sent to anaerobic digesters. Digested biosolids are dewatered with centrifuges and the centrate is returned to the plant influent at the time of dewatering (not centrate storage). The secondary effluent total phosphorous concentration ranged between 0.5 and 1.0 mg/L roughly 65% of which in the form of reactive phosphorus. The DSBP (Figure 2 ), consists of two Blue PRO TM units in series, including two pre-reactors and two chemical addition points. The series configuration allows the combined process to accomplish additional effluent total phosphorus concentration removal (reportedly to less than 0.02 mg/L). The second stage also improves biological oxygen demand (BOD) and total suspended solids (TSS) removal. Parkson DynaSand D2 Advanced Filtration System (DSD2) The DSD2 (Figure 3 ) consists of two DynaSand moving bed filters, which have been in use as moving bed filters in both water and wastewater treatment. However, excellent phosphorus removal performance was also observed in some applications and from there Parkson developed the DSD2, which incorporates two DynaSand filters in series. The DSD2 process includes an integrated reject treatment process, reducing the final reject volume to 0.5%.
The first stage filter uses a larger size sand grain to provide more solids handling capacity. It also employs the proprietary ballasted flocculation process Continuous Contact Filtration (CCF). In the CCF process, coagulation, flocculation, and separation take place within the bed filter. The second stage filter acts as a polishing step. It uses a smaller sand grain size and provides higher solids removal efficiency. The third unit process (Lamella® Gravity Settler) treats the reject from both filters. The overflow from the settler is returned to the DSD2 influent. The reject is typically discharged to the plant's solids processing. 
US Filter Trident ® HS-1 (THS-1)
The THS-1 is a modification of the original Microfloc Trident ® contact clarifier-dual media filter, which has been used predominately for treatment of drinking water. The THS-1 (Figure 4 ) consists of high rate settling, contact clarification, and mixed media filtration. The high rate settler utilizes a tube clarifier design. The contact clarifier is an upflow coarse floating media unit called an Adsorption ® clarifier. The contact clarifier sold by the trade name "Adsorption ® Clarifier" is a coarse media upflow clarifier. The media has no adsorptive capacity in terms of adsorbing organic or inorganic molecules. Its main function is that of a coarse filter.Because of its multi-barrier design, this technology offers great promise, not only for low effluent phosphorus concentrations, but also for very robust treatment performance. The water enters the clarifier and flows upward through a bed of Adsorption ® Clarifier media. Ferric or alum is added prior to entering the clarifier. From the Adsorption ® Clarifier, the flow enters the mixed media filter, flows downward through the media, and is collected in the underdrain system.
Zenon ZeeWeed
TM 500 Ultrafiltration (ZW-500) The ZW-500 ultrafiltration-based water treatment system is a low energy-immersed membrane process that consists of outside-in, hollow-fiber modules immersed directly in the feed-water. Depending on required capacity, a full scale ZeeWeed® treatment facility is composed of a given number of modular components: modules, cassettes, and trains. Figure 5 shows the process schematic for the ZW-500 ultrafiltration process. This technology differentiates itself from the other three in two ways: (1) it features a physical barrier, which will retain all solids above the pore size of the membrane, and (2) it is a single barrier process. 
Phosphorus Specification/Nomenclature
Phosphorus species can be differentiated in terms of soluble and particulate forms, as well as their reactivity under acid and heat. Reactive phosphorus measurements will measure not only soluble orthophosphate but other reactive phosphorus species such as chemically precipitated phosphorus. This complicates the interpretation of analytical data. Separating the results into particulate and soluble, and reactive and nonreactive fractions provide a simple and effective method to interpret results.
Following the typical terminology used in wastewater treatment, soluble species are defined as those passing through a 0.45 µm filter; particulate species are defined as those that will be retained by a 0.45 µm filter. Further, the soluble fraction is separated into reactive and nonreactive. Throughout this paper, the following nomenclature regarding phosphorus and its fractions is used: 
RESULTS

Phosphorus Removal
Overall, the pilot tertiary effluent phosphorus removal demonstration delivered the anticipated results. The results indicate that all piloted technologies can deliver phosphorus concentrations ranging from 15 µg/L to 35 µg/L. The ZW-500 and DSD2 experienced pilot equipment-related problems, which became performance limiting.
The pilot units were equipped with various levels of automation; none had automated chemical feed. Chemical dosage was set by the pilot operator and remained constant until changed again by the operator. No water quality online feedback signal was utilized for process control. The average pilot influent total phosphorus concentration was 0.8 mg/L with 65% reactive phoshorus. Figure 8 show the total soluble reactive phosphorus. The trends for DSBP and THS-1 appear to be consistently close to the detection limit of 2 µg/L. In the case of ZW-500, the soluble reactive phosphorus graph resembles a slightly lower total phosphorus. Figure 9 shows the sNRP fraction, which permits a number of interesting observations. The ZW-500 effluent sNRP shows a similar pattern to the sRP and sTP curves, but much less pronounced. This indicates that chemical addition (alum) not only results in the removal of soluble reactive fraction through precipitation, but also results in the removal of soluble nonreactive phosphorus. Some of the same relationships can be seen in the DSD2 data. • Total phosphorus and soluble total phosphorus are almost identical, meaning the particulate phosphorus fraction does not contribute.
• The total soluble and soluble reactive phosphorus are also very similar indicating that, of the soluble fraction, the majority was soluble reactive phosphorus. At the time of the event, the alum dosage was greatly reduced. The pilot operator underestimated the chemical dosage and it took several days to correct the problem; therefore, the effluent total phosphorus excursion was due to pilot operation problem and not necessarily a reflection of this of the phosphorus removal capability of the ultrafiltration membrane. The DSD2 effluent total phosphorus excursions appear to be related to solids removal problems rather than an insufficient chemical dosage: • Figure 8 shows very low soluble reactive phosphorus concentration.
• Figure 7 shows similarly low soluble total phosphorus.
• Figure 10 shows that effluent total phosphorus excursions are consistent with the effluent particulate phosphorus peaks.
• Visual inspection of the pilot unit showed that the effluent from the second filter was unusually turbid at times.
Due to equipment problems, the DSD2 experienced solids removal problems, which continued to hamper its pilot phosphorus removal performance. All pilot units showed a steady decrease of the colloidal fraction. This decrease could not be explained, but may be related to be due to seasonal changing water chemistry (wet weather to dry weather season). Finally, Figure 11 and Figure 12 compare the phosphorus fraction of all four pilots side-by-side. Both figures show significant differences-not only in demonstrated total phosphorus removal performance, but in the percentage distribution of the phosphorus fractions. Only the soluble nonreactive fraction showed relatively similar values for all four pilots. The demonstrated treatment performance of DSD2 and ZW-500 is not believed to represent the technology capabilities; therefore, conclusions as to the ability of either technology cannot be made solely on the demonstration pilot results. The next section takes a closer look at the outcome of the demonstration pilot if the equipment problems changed. 
ZW-500 -Equipment-Related Pilot Performance Discussion
The pilot data showed a substantial and sustained excursion in effluent soluble reactive phosphorus. This excursion was caused by insufficient alum feed and/or inadequate pH control. The drop in alum dose coincided with the increase in effluent phosphorus, which was shown to be largely soluble reactive phosphorus. Once the alum dose was reset to its previous value, the effluent removal immediately dropped to previous levels.
The observed cause and effect relationship between chemical feed and effluent phosphorus concentration suggest that with better chemical feed control, better and more consistent effluent total phosphorus concentration can be expected. A full-scale system would be properly designed with sufficient redundancy and process control to effectively prevent the phosphorus removal problems discussed above. With adequate chemical feed, it is assumed the effluent soluble reactive phosphorus fraction would be near or less than the detection limit of 2 µg/L. Figure 13 shows the ZW-500 effluent phosphorus trends after eliminating data from days with insufficient chemical feed ( Figure 13 ). By excluding these data points, the average total phosphorus (Figure 14) drops from 67 µg/L to 24 µg/L. The soluble reactive phosphorus changes from 47 µg/L to 8 µg/L, and soluble nonreactive from 19 µg/L to 15 µg/L.
By excluding these data points, the average performance becomes similar with those from THS-1 and DSBP. Figure 13 now exposes multiple smaller spikes in effluent phosphate. Perhaps the lack of multibarriers represents a disadvantage for low-level phosphorus removal by better mixing and contact characteristics and overall longer retention time.
It is possible that with better chemical feed control and pH adjustment, lower phosphate concentrations can be accomplished with an ultrafiltration system. During this pilot, however, this not demonstrated. 
DSD2 -Equipment-Related Pilot Performance Discussion
The DSD2 operation was hampered by several operational problems. The mechanical equipment failures generated atypical performance data.
In the case of DSD2, the separation of typical performance and equipment problems was more difficult due to the number of instances when equipment failed. Most of the equipment failures and operational problems resulted in poor solids removal in the second filter. The majority of the second stage filter solids load is precipitated phosphorus; therefore, any failure to remove solids will result in elevated effluent phosphorus concentrations.
The review of the phosphorus fractions has identified that the DSD2 effluent phosphorus was in the majority particulate phosphorus. The DSD2 was the only pilot with effluent TSS measurements above 5 mg/L, which was the reported detection limit. Dual stage effluent filtration should provide effluent suspended solids of less then 5 mg/L and even the DSD2 did so in the majority. Therefore, to receive a more realistic picture of the true treatment capabilities of the DSD2 system, those days with effluent TSS above 5 mg/L were eliminated form this data analysis. Figure 15 shows the filtered effluent phosphorus trends. Even after filtering out days with more then 5 mg/L of effluent TSS, the total phosphorus concentration still vary widely up to 130 µg/L. Soluble total and soluble nonreactive phosphorus concentrations are relatively consistent, though they appear to be tracking closely, meaning the variation in soluble phosphorus is largely due to variation in the soluble nonreactive phosphorus.
Total phosphorus, 40 µg/L (Figure 16 ) was made up of 19 µg/L soluble phosphorus and 20 µg/L of particulate phosphorus. The soluble fraction is made up of 13 µg/L nonreactive phosphorus and 5 µg/L reactive phosphorus, which is in the general range of the other pilots. 
Chemical Usage
During the demonstration period, the lowest alum dose to the ZW-500 pilot unit was 165 ppm. ZW-500 continued testing after the demonstration period and was able to optimize the chemical addition and reduce the alum dose to 70 ppm. Diurnal grab samples from the secondary effluent have shown that the plant influent phosphorus has a significant peak in mid-afternoon. The grab samples do not allow conclusions regarding diurnal performance at the given alum dose. In fact, during the second week when the alum dose was reduced from 200 to 80. the effluent soluble reactive phosphorus immediately increased sharply. Only grab samples were analyzed at the plant lab for total phosphorus. At the demonstrated chemical dose of 165 ppm, the chemical sludge production amounted to 360 lb/d per million gallons treated.
The DSBP pilot was fed with ferric chloride with a combined dose of 38 ppm (as ferric). Operators varied the dose between the two filters, but overall used a consistent total dose. The chemical sludge produced would be 210 lb per million gallons treated.
The THS-1 pilot used multiple chemicals: alum, anionic polymer, cationic polymer, and chlorine. After two weeks of operation, the pilot operator switched from alum to ferric. The alum dose ranged between 50 ppm and 100 ppm, with an average of 78 ppm. At this dosage, the chemical sludge production amounted to 170 lb per million gallons treated. The ferric dose was 100 ppm (as ferric), which would produce 550 lb of chemical sludge per million gallons treated.
The average anionic polymer dose was 0.7 mg/L with alum addition and 0.6 mg/L with ferric. The cationic polymer dose was 0.075 mg/L and 0.5 mg/L respectively with alum and ferric. For pH adjustment 5 mg/L -6 mg/L soda ash was added and 1 mg/L of sodium hypochlorite. Table 1 summarizes the chemical use and  Table 2 compares the chemical sludge production. 
Variance of Phosphorus Analysis
Measuring phosphorus in single and double digit range represents a new challenge for wastewater treatment plant laboratories, as well as commercial laboratories. It also requires review and possibly adjustment of sampling and sample storage. During the pilot control, samples were run by the plant lab for comparison with the commercial lab results. Note that the detection limit of the analysis used by the plant lab, as well as the commercial lab was 2 µg/L and the maximum resolution was 1 µg/L. Thus, measuring in the single or low double digit phosphorus range will likely generate larger then normal deviations. Figure 17 shows the correlation between split samples sent to the commercial lab and the plant lab. The diagonal line represents the theoretical perfect correlation of results from both labs. The actual data shows a significant spread. On average, the difference between two measurements of the same sample was 27%. The average measurement was 33.5 µg/L and the average difference between the analyses of the same sample was 8.5 µg/L.
To ensure permit compliance, the target effluent phosphorus would have to set at roughly 30% below the actual permit limit to account for the analytical variability. Great emphasis must be placed on selecting the right analytical method, equipment, and sample handling to minimize the analytical variability.
DISCUSSION
The demonstration pilot showed that effluent total phosphorus concentration of less than 50 µg/L can be produced by at least two of the tested technologies (DSBP and THS-1). While not fully demonstrated, ZW-500 and DSD2 would also likely be able to meet a 50 g/L permit. None of the technologies demonstrated the ability to meet a 10 µg/L TP limit. While there were a number of days with 10 µg/L or less, these occurrences were few and far between.
The demonstration pilot emphasized the need for a high level of automation, reliability, and redundancy to ensure permit compliance. Even for a 50 µg/L monthly average limit, the process could not have a single "bad" day. Removal of soluble reactive phosphorus is primarily a function of chemical addition, pH control, and providing sufficient mixing and contact time.
Membrane filtration provides the best solids removal, but the advantage in particulate phosphorus removal amounted to only a few micrograms compared to sand filtration-based technologies. The removal of soluble nonreactive phosphorus appears to present the biggest challenge in producing effluent phosphorus below 10 µg/L. All four piloted technologies were unable to lower sNRP into the single digit microgram/L range. THS-1 produced the lowest sNRP concentration.
One key element in reaching the 10 µg/L level at Coeur D'Alene WWTP is to gain better understanding of sNRP removal mechanisms; potentially a new technique that will enhance sNRP removal. Table 3 summarizes the demonstrated effluent quality from all four pilots. THS-1 produced the lowest effluent phosphorous concentration followed by DSBP and ZW-500. n/a** ∆COD mg/L -10.3 -11.6 -11.6 n/a** * numbers exclude effluent phosphorus excursion due to pilot equipment failures ** no SE secondary effluent sample was collected *** col P = filtered total phosphorus minus filtered ortho-phosphorus, colloidal, or dissolved organic and/or inorganic phosphorus compounds Table 4 shows the adjusted pilot results because the pilot demonstration results do not truly represent the capabilities of either technology. In the case of ZW-500, averages were recalculated without the days during which the chemical feed control problems resulted in insufficient alum addition. n/a** ∆COD mg/L 9.2 -11.6 -11.6 n/a** * numbers exclude effluent phosphorus excursion due to pilot equipment failures ** no SE secondary effluent sample was collected *** sNRP = filtered total phosphorus minus filtered ortho-phosphorus, colloidal, or dissolved organic and/or inorganic phosphorus compounds The adjusted effluent phosphorus concentrations from ZW-500 improve within a few micrograms of those demonstrated by BW and THS-1. However, the soluble reactive phosphorus is still higher than expected and lower effluent total phosphorus concentration may be possible with optimized reactive phosphorus precipitation.
The adjusted results for Parkson still show very high particulate phosphorus, indicating that even after filtering out the days with evident solids removal problems (TSS>5 mg/L), solids removal was still not performing properly. Given the similarity to Blue Water, one would expect similar results with respect to solids removal and the removal of particulate phosphorus. Thus, effluent total phosphorus between 20 µg/L and 30 µg/L should be expected from the DSD2; however, it was not demonstrated with Coeur D'Alene WWTP effluent. These results are atypical from previously reported performance using the D2 system. The reason for this disparity is unclear.
Because of the short pilot duration, limited automation of the pilot units, and limited opportunity for full optimization, including for instance pH adjustments, better performance may be accomplished by a full scale facility of either technology tested. However, the influent variability of a full scale installation also increases degree of difficulty considerably.
CONCLUSIONS
• Effluent total phosphorus concentration of 50 µg/L are possible with tertiary phosphorus removal and have been demonstrated at CDA WWTP by Blue Water Technologies DSBP, Zenon Inc's ZW-500, and US Filter's THS-1.
• Effluent total phosphorus concentration of less then 10 µg/L could not be produced by the piloted technologies at CDA WWTP.
• The key to effluent total phosphorus concentration of less then 10 µg/L is improving the removal of soluble nonreactive phosphorus. • Effluent TP of less then 50 µg/L requires a high level of redundancy, automation, and process control. There cannot be a single "bad" day.
• Methods used for phosphorus analysis, sample handling, and storage need to be carefully reviewed, selected, and optimized to minimize analytical variability.
